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CHAPTER 1
LITERATURE REVIEW
Nitrate assimilation is the process by which plants
ultimately produce amino acids.

With a projected world

population of over ten billion in the early twenty-first
century, this pathway is critically significant (1).

There

is substantial concern how to feed future generations with
limited amounts of fertile land.

A possible remedy would be

to cultivate more crops per unit land area.

current prac-

tices simply add fertilizers to the soil to promote and
enhance crop yields.

A major problem with this practice is

that plants do not totally deplete the nitrogen source.
When all resources are provided in excess, e.g. water,
nitrogen, light, etc., the plants become limited by their
own processes.

Excess fertilizer application, however,

causes leaching of nitrate, which becomes a serious contaminant of surface and ground water (2,3).
Pollution caused by current techniques will not be
reduced until these methods are modified.

One approach is

to focus on modifying the control mechanisms for the regulation of plant processes. One area of focus might be on the
nitrate assimilatory pathway, which is responsible for inorganic nitrogen incorporation into organic molecules.

This

pathway is significant both in terms of its contribution to
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the world's present and future nutritional needs, as well as
to problems with pollution.
Seventy-eight percent of the earth's atmosphere is
composed of nitrogen gas (4).

Most organisms, however,

cannot utilize atmospheric nitrogen for necessary biological
processes (4).

Nitrogen fixation, which is the conversion

of nitrogen gas (N 2 ) into ammonium, is performed by certain
prokaryotes which live either free or symbiotically with
plant roots.

In aerobic soils, a major product derived from

nitrogen fixation is N0 3-, which can be easily absorbed by
plant roots (5).

The actual conversion of inorganic nitro-

gen (NO;) to organic nitrogen (amino acids) occurs mainly in
the leaves of a majority of plants (6).

The conversion con-

sists of a series of reactions which serve to reduce nitrate
to a form suitable for incorporation into carbon skeletons
to produce amino acids which will be processed into proteins.

The nitrate assimilatory pathway occurs as follows:

NiR

NR

N0 3-

------>

N0 2-

------>

GS

NH 4 +

------->

glutamate ( 7)

GOGAT
NR = nitrate reductase
NiR = nitrite reductase
GOGAT = glutamate synthase
GS = glutamine synthetase
Catalyzed by nitrate reductions, nitrate is initially
reduced to nitrite, which is generally considered to be the
rate-limiting step of the pathway (6).

The two electrons,
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which are required for the reduction, are transferred from
either NADPH or NADH in the cytoplasm.

In the chloroplast,

nitrite reductase catalyzes the reduction of nitrite to
ammonium by a six electron transfer from ferredoxin.
Glutamine synthetase {GS) and glutamate synthase {GOGAT) are
the two key enzymes responsible for the addition of ammonium
to a carbon skeleton to form the amino acid glutamate (6,5).
The structure of nitrate reductase has been elucidated
for many species of higher plants.

Generally, it is charac-

terized as a homodimer consisting of subunits with molecular
weights of approximately 110-115 kD (8).
composed of three binding domains:
b-557 and molybdenum (8).

Each subunit is

flavin (FAD), cytochrome

Transfer of electrons occurs

between the pyridine nucleotide oxidation site (the FAD
domain) and the site of nitrate reduction {the molybdenum
domain)

(6).

Most higher plants show a single nitrate inducible form
of nitrate reductase.

In soybeans, there are three isoforms

of nitrate reductase (13).

Two of the three isoforms (c 1NR

and c 2 NR) are termed constitutive (based on response to
nitrate) and one inducible (iNR)

(10,11,12).

Both c 1NR and

c 2 NR have a pH optima of 6.5; the latter is specific for
NADH, whereas the former is bispecif ic for NADPH and NADH
{13,14).

The inducible isoform has a pH optima of 7.5 and

is specific for NADH (6).

The c 1NR isoform has been shown

to produce nitrogen oxides (15).

These chemicals may serve
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as an additional type of control over nitrogen assimilation,
since nitric oxide has been proposed to be the actual inhibitor of nitrogenase activity (16).
Much information known about the three isof orms of
nitrate reductase in soybean was gathered from studies which
compared nitrate assimilation in wild-type and mutant soybean plants.

The mutant plants used were screened for "low

nitrate reductase" (LNR) activity and two categories of soybean mutants were discovered:

one which lacks both consti-

tutive nitrate reductase isoforms (C 1 NR and C2 NR) termed nr 11
and the other lacks one constitutive nitrate reductase isoform (C2NR) termed LNR-6 (69,70).
source for nr 1 , Robin et al.

By varying the nitrogen

(19) were able to verify the

presence of NADH:NR with pH 7.5 as optimal. Monospecific
antibodies against NAD(P)H:NR were used to identify
NAD(P)H:NR in wild-type soybean (19).

Streit and Harper

(70) compared nitrate reductase activities in wild-type and
mutants which lacked c 2 NR (LNR-6, LNR-5) obtaining further
support for three nitrate reductase enzymes in soybean.
Nelson et al.

( 18) demonstrated the association between NOcx>

evolution and constitutive nitrate reductase activity in
wild-type soybean when compared with the absence of such
activity in nr 1 mutant soybean.

The absence of this consti-

tutive nitrate reductase activity has been proposed to be
under the control of a single, recessive nuclear gene (69).
The use of mutant plants, therefore, has served as a valu-
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able tool for the identification and characterization of
nitrate reductase isoforms.
Results from the use of mutant plants have been
enhanced by the use of cloned genes of nitrate reductase
(76).

Complete cDNA clones and/or nucleotide sequences of

nitrate reductase genes have been determined for various
fungi and higher plants including:

tobacco, tomato, Arabi-

dopsis, bean (Phaseolous vulgaris), squash, spinach, rice,
barley, birch, Aspergillus, and Neurospora (78, 79, 80, 81, 82,
83,84,85,86,87,88,89,90).

The nitrate reductase amino acid

sequence homology is an estimated 40% between higher plants
and two fungi:

Neurospora crassa and Aspergillus nidulans (91) .

There is approximately 63% to 91% amino acid sequence homology between higher plants for the nitrate reductase homodimers which consist of three domains:
cofactor and heme {91).

FAD, a molybdenum

Cloned nitrate reductase cDNAs can

be used to isolate genomic clones and either clone can be
utilized to characterize the nucleotide sequence for nitrate
reductase in various species of higher plants and fungi
(76) •

These cloned nitrate reductase genes and cDNAs may

also contribute to the investigation of the effects of
various factors on the regulation of the nitrate reductase
gene (76).
Many studies of regulatory factors affecting nitrate
reductase have focused on metabolites, light and phosphory-
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lation/binding proteins.

Although there does not appear to

be one sole source of control over nitrate reductase, the
many investigations have revealed various levels of regulation which may be modified to produce a more efficient
nitrate assimilatory pathway.
The metabolites investigated in relation to nitrate
reductase regulation include the substrates of the nitrate
assimilatory pathway.

Nitrate, which is the first substrate

in this pathway, has been shown to induce the synthesis of
active nitrate reductase in higher plants and fungi (17,18,
19,20,21).

Nitrate induction has been shown to be at the

level of transcription in soybean seedlings (22).

Metabo-

lites such as ammonium ions and glutamine, however, appear
to decrease nitrate reductase activity in higher plants and
fungi (14,66).

Although ammonium ions alone repress nitrate

reductase activity, this metabolite, in conjunction with
nitrate, enhances nitrate reductase activity in maize leaves
(21).

It has been suggested that repression by ammonium

occurs upon its conversion to glutamine (23) or another
product produced during glutamine metabolism (24).

Gluta-

mine has been shown to repress nitrate reductase activity in
cultured spinach cells and soybean seedlings, but enhanced
nitrate reductase activity occurs with glutamine and nitrate
treatment (14) or with a decrease of glutamine content in
the cells (25).

The decreased nitrate reductase activity

observed with glutamine treatment has been shown to corre-

7

spond to the rate of decreased immunoreactive nitrate reductase protein (25).

In addition, glutamine repression has

been shown with glutamine synthetase deficient !Veurospora

crassa, whereas ammonia has not been shown to repress nitrate
reductase in the same strain (23).
The mechanism for increased or decreased nitrate reductase activity as affected by metabolites is proposed to involve denovo synthesis of the nitrate reductase enzyme (26,
27).

Oaks et al. have suggested that amino acids may affect

translation of nitrate reductase mRNA and not turnover of
the enzyme (28).

Cannons et al. demonstrated the correlated

increase of nitrate reductase protein with nitrate reductase
activity in nitrate treated yeast (Candida nitratophila) using
immunological techniques (26).

Cycloheximide addition to

nitrate treated C. nitratophila inhibited increased nitrate
reductase activity, which provided further evidence for the
role of protein synthesis (26).

Jones et al. showed a simi-

lar correlation between protein synthesis and nitrate reductase activity in Hansenula wingei (27).

Cycloheximide inhi-

bited an increase in nitrate reductase activity usually observed with H. wingei grown on nitrate and further supplemented with nitrate.

Analogous findings with cycloheximide

were made for a higher plant by Li et al. in which the syn-

thesis of corn (Zea mays) nitrate reductase was studied
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using Western blot analysis (29).

These investigations

suggest a control at the level of gene expression.
Nitrate reductase has been implicated in the regulation
of its own synthesis.

The autogenous regulation model in-

volves the binding of nitrate reductase to a positive regulator of the nitrate reductase and nitrite reductase structural genes in the absence of nitrate (30).

When nitrate

reductase complexes with the positive regulator, the structural genes are not activated; thus nitrate reductase and
nitrite reductase are not produced.

Nitrate would serve to

"bind" nitrate reductase and prevent its association with
the positive regulator.

This model could explain the con-

stitutive nitrate reductase activity which results in mutant
strains of certain species in which the wildtype only
possesses an inducible nitrate reductase or nitrite reductase form, such as in mutant strains of !V. crassa (31).

The

model provides a possible explanation for the "switch" of
nitrate reductase isoform from inducible to constitutive
because it claims a mutation in the nitrate reductase structural gene results in a mutant nitrate reductase protein.
This protein cannot properly bind to the positive regulator
protein; hence, nitrate reductase and nitrite reductase are
constitutively expressed when the positive regulator can
bind to the structural genes for nitrate reductase and
nitrite reductase (30).

It has been further postulated that

glutamine binds to a protein product of the nmr (nitrogen
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metabolic regulation) gene.

This complex would serve to

negatively affect the nit-3 gene (a structural gene for
nitrate reductase), which results in repression (32).
Light has been shown to be a regulatory factor for
nitrate reductase activity. Specifically, red and blue light
exhibit an effect (33,34,35,36), which corresponds to two
photoreceptors in plants:

phytochrome (35,34) and a blue

light photoreceptor (36), which may be the flavin domain of
nitrate reductase (37,38).

Pulsed alternate red/far red

light and continuous far red light increase nitrate reductase protein, activity and mRNA in etiolated squash cotyledons (34).

In this study, however, continuous white light

induced the highest activity, nitrate reductase protein, and
mRNA accumulation.

It has been suggested that the presence

of certain elements, such as those involved in the development of the photosynthetic system or other light-induced
factors (in fully greened plant parts), can further augment
nitrate reductase expression (39,40,34).

Rajasekhar et al.

(34) have shown that squash cotyledon chlorophyll content
increased approximately seventeen times for white light
treatment compared with the chlorophyll content of either
continous far red light or dark treated seedlings.

RNA slot

blot analysis for squash nitrate reductase mRNA indicated
the necessity for the presence of nitrate for either continuous far red or continous white light to affect nitrate
reductase induction (34).
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Figueroa found that both blue light and red light
pulses resulted in increased nitrate reductase and glutamine
synthetase activities in the red alga Corallina elongata ( 3 6) .
In this study, continuous blue light was more effective in
enhancing nitrate reductase activity than with continous red
light.

Corzo and Niell provided further evidence that blue

light induction of nitrate reductase activity appears to be
involved with photosynthesis in the marine green alga Ulva

rigida (33).

In this investigation, inhibition of nitrate

reductase activity in the presence of blue light occurred
with the addition of 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU), which is an inhibitor of electron transfer from
photosystem II to cytochrome f during photosysthesis.

This

inhibition of nitrate reductase activity in the presence of
DCMU was approximately 95% after one hour in blue light.
Similar to red light, blue light induction also requires de

novo synthesis of nitrate reductase.

Addition of cyclo-

heximide to Ulva rigida inhibited nitrate reductase activity
by approximately 74% in the first hour after addition of the
inhibitor and increased to 88% inhibition after two hours.
This increased inhibition strongly suggests that blue light
primarily acts to induce nitrate reductase activity through
enzyme synthesis rather than to enhance activity from inactive nitrate reductase (33).
The mechanism for light regulation of nitrate reductase
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has not been determined.

Blue light receptors and phyto-

chrome have been primarily implicated in the light control
of nitrate reductase.

In general, both of these light

receptor systems have been shown to induce phosphorylation
of certain plant proteins (41,42,43,44).

Particularly,

phytochrome has been investigated as an inducer of phosphorylation of nitrate reductase by comparison to the
effects of a protein kinase C inducer, namely phorbol
myristate acetate (PMA)

(44).

Chandok et al. showed PMA

stimulated nitrate reductase activity in the absence of
phytochrome for partially purified enzyme fractions from
etiolated leaves (44).

More conclusive evidence, however,

is necessary to determine the direct/indirect effect(s) of
phytochrome on protein kinase(s) and nitrate reductase.
Other research has focused on the relationship of
photosynthesis to nitrate assimilaition.

Kaiser and

Brendle-Behnisch (45) demonstrated photosynthetic control of
nitrate reductase in the leaves of spinach, Spinacia oleracea.
High levels of light and carbon dioxide (C0 2 ) supplied to
plants resulted in maximum nitrate reductase activity.
Altering conditions to C0 2 -free air resulted in decreased
nitrate reductase activity.

The observations of decreased
2

activity only occurred in the presence of free Mg + and
could be reversed by the chelation of Mg 2 + by ethylenediaminetetraacetic acid (EDTA).

This study also showed stoma-
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tal closure, which prevents C0 2 influx, inactivates nitrate
reductase in vivo.

This investigation showed decreased

photosynthetic rates negatively affect nitrate reductase
activity, and supported the observations of Kaiser and
Forster, who had shown that light-treated spinach leaf
nitrate reductase was dependent on C02 concentrations for
enhancement of nitrate reductase activity (46).

Reacti-

vation of activity, which had been lost due to the low
levels of C02 , was also dependent on C02 concentration (46).
Kaiser and Forster also found water stress, which
results in stomatal closure, not only inhibits photosynthesis, but also nitrate reduction (46).

Their experiments

showed the reduction of nitrate from vacuolar (a major in

vivo source of nitrate) (47) or external sources was inhibited by the C02 -free air.

The kinetics of nitrate reductase

response to the presence or absence of C0 2 were similar to
the kinetics of the nitrate reductase response to the presence or absence of light (46).
Kaiser and Spill continued with the investigation of
photosynthetic control of spinach leaf nitrate reductase by
focusing on the roles of adenosine triphosphate (ATP) and
adenosine monophosphate (AMP) in vitro ( 48) .

Extracts from

photosynthesizing leaves showed rapid declines in nitrate
reductase activity after preincubation with various nucleoside triphosphates.

The effect of ATP on nitrate reductase
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activity, however, was found to be Mg

2+

dependent.

Nitrate

•

reductase inactivation could be reversed by removal of Mg
and ATP by gel filtration.

2+

Following gel filtration, Mg 2 +

2

(or Ca +) could be added alone and induce the inactive state
of nitrate reductase.

The inactive state was maintained

upon removal of ATP by gel filtration in a buffer containing
Mg

2+
I

and was found to involve ATP hydrolysis.

Comparisons

were made with nonhydrolyzable ATP analogs which did not
cause inactivation of nitrate reductase.

Overall, inacti-

vation of nitrate reductase by ATP hydrolysis was found to
be comparable to previous results from experiments with C02
inactivation of nitrate reductase in spinach (45,48).
Kaiser and Spill further examined the ATP/AMP system in

vivo as it related to changes in nitrate reductase activity
(48).

They reasoned that if modulation of spinach leaf

nitrate reductase was caused by adenine nucleotides, then
the in vivo inactivation of this enzyme, which was caused by
insufficient C0 2 level, could be reversed by AMP in vitro.
Leaves, which were exposed to light for one hour with low
levels of C02 were either preincubated with or without AMP
for fifty minutes.

A two-fold increase in nitrate reductase

activity occurred for leaves with AMP compared to leaves
without AMP.
This work by Kaiser and Spill led to their proposal of
phosphorylation as a modulator of nitrate reductase (48).

14
In their model, nitrate reductase is active under the conditions of photosynthesis, which include sufficient C02 levels
and a low ratio of ATP to AMP.

These conditions are altered

upon stomata! closure, which results in a decreased level of

co2

and an increase in the ratio of ATP to AMP.

Phosphory-

lation of nitrate reductase occurs in the presence of MgATP
(or MgUTP}.

It is suggested that there are at least two

phosphorylated sites on nitrate reductase.

These phosphory2

lated sites are sensitive to divalent cations, such as Mg +
or Ca

2+

, and the enzyme undergoes a conformational change

upon the binding to either cation.

The model also proposes

nitrate reductase may instead bind to a regulatory protein.
In either case, nitrate reductase becomes catalytically
inactive.

Removal of Mg

2+

or Ca

2+

results in reactivation of

the enzyme, but does not remove the phosphate group (or the
regulatory protein}.

In a similar way, a decreased ATP to

AMP ratio will reactivate nitrate reductase, however, the
phosphate (or regulatory protein} is removed and sensitivity
2
2
•
d 1m1n1s
. . . hed .
t o Mg + or Ca + is

Further investigations have focused on the phosphorylation of nitrate reductase, primarily from spinach (Spinacia

oleracea} and pea (Pisum sativum}

(49,50,51,52}.

Modulation of

pea root nitrate reductase by dephosphorylation is rapid
under anaerobic conditions and can be inhibited by okadaic
acid, which is an inhibitor of type-1 (PPl} and type-2A
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(PP2A) protein phosphatases {51).

The phosphorylation of

nitrate reductase in spinach is also rapidly reversible and
was shown to be activated by a type-2A protein phosphatase
(53).

Phosphoamino acid analysis and phosphopeptide mapping

were methods used to directly determine phosphorylation of
nitrate reductase in spinach leaves.

Under short light/dark

treatments, the data suggest the phosphorylation of multiple
phosphopeptide fragments (50).

The phosphorylated amino

acid residues have been elucidated as serine residues, and
are potentially involved in the mechanism for the inhibitory
action of Mg 2 + on nitrate reductase (50).
In summary, it has been shown that nitrate, ammonium,
glutamine, light and phosphorylation affect nitrate reductase actitity to varying degrees.

These factors are signi-

ficant since they influence the catalysis of the initial
step of nitrate assimilation in plants and fungi.

The

significance of these regulatory factors is increased when
the role of nitrate reductase is coordinated with other
plant processes, particularly photosynthesis.
Although these factors are better understood in some
plant species than in others, a complete explanation of the
mechanisms involved is still lacking.

Even though certain

manipulations can be performed to enhance nitrate reductase
activity and, ultimately, plant growth, the agriculture
industry is still limited by the lack of a complete understanding of plant processes.

Research is needed to continue
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the pursuit for the discovery of the mechanisms of nitrate
reductase control.

CHAPTER 2
MATERIALS AND METHODS
To investigate the control by metabolites and phosphorylation on nitrate reductase in soybean, this study was
divided into two parts.

The first part involved a compar-

ison of nitrate reductase protein and activity between
mutant (nri) , which lack C1NR and C2NR, and wild-type
soybean.
study".

This part of the project was termed the "Mutant
The second part of this investigation focused on

phosphorylation of nitrate reductase as a regulatory mechanism in wild-type soybean.

This study was termed the

"Phosphorylation Study".

Part I:

Mutant study

Growth Conditions
Soybean seeds (Glycine max var. Williams) and nrl mutants (a
gift from Dr. James Harper, University of Illinois, UrbanaChampaign) were planted in vermiculite (Grace Sierra Horticultural Products, Co.).

Plants were grown in Biotronette Mark

III environmental chambers with a
2

2

µ.E I m /s )

at 25

0

c.

with distilled H2 0.

16 hour photoperiod

(310

The plants were watered on alternate days
On the tenth day plants were treated with

a modified Hoagland's solution (54) containing a 3 mM cacl 2 ,
17
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2mM MgS0 4,

2 mM KH2P04, micronutrients (0.46 mM H3B03, 0.11 mM

MnS0 4-H20,

0. 005 mM CuS0 4-5H20.

0. 001 mM H2Mo0 4-H20,

0. 008 mM

znso 4-7H20 and 0.005% FeEDTA) and one or more of the following
50 mM KN0 3, 50 mM KN0 3 + 10 mM glutamine,

nitrogen sources:

10 mM glutamine, or no nitrogen.

Plant leaves were harvested

48 hours after treatment and frozen in liquid nitre-gen.

The

leaves were stored at -80°C for subsequent analyses.
Nitrate Reductase Extraction
All procedures were carried out at 4°C.

One gram of soy-

bean leaves was added to 4 ml extraction buffer (2. 5 mM KPH 20 4;
0.1 mM etl"lYlenediaminetetraacetic acid (EDTA), pH 6.5; 0.3%
polyvinylpolypyrrolidone (PVPP); and 10 mM L-cysteine.

This

mixture wc::is homogenized using the Tekmar Tissumizer at an
average setting of 60, and subsequently centrifuged at 27,000
x g for 20 minutes.
nitrate

r~ductase

The supernatant was immediately used for

activity assays.

Enzyme Act:ivity Assay
Each
cally for

treatment group and genotype was assayed specif iactivity of 3 nitrate reductase isoforms.

In a

total voll..lme of one ml, the assay mixture contained:

80 mM

KN03 ,

25

mM

KH2P04

(pH

6.5),

0.1

mM

nicotinamide

dinucleot:i..de phosphate, reduced form (NADPH)
extract for C1NR;
nicotinam:i..de

and 10% enzyme

80 mM KN03, 25 mM KH2P04 (pH 6.5), 0.1 mM

adenine

extract for C2NR;

adenine

dinucleotide

(NADH) ,

and

10%

enzyme

10 mM KN0 3 , 25 mM KH 2P0 4 (pH 7.5),

0.1 mM
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NADH, reduced form and 10% enzyme extract for iNR.
were adjusted to one ml with distilled H2 0.

Volumes

The assays for

each isoform consisted of 4 reaction endpoints which were
separated by 15 minute time intervals.

Each reaction was

terminated with the addition of 0.1 ml of 1 M zinc acetate and
the contents of the tubes were centrifuged for 10 minutes at
745 x g. The supernatant was transferred to a new tube and
(one ml of 1 M sulfanilamide in 1.5 HCl and one ml of 0.03% N1-naphthylethylenediamine (NED)) were added for No 2· detection
by absorption at 540 nm.

Individual assays were performed in

triplicate.
Quantitative Analysis of Protein
Protein was quantified using a Lowry protein assay (55) •
From the leaf extract, 0.1 ml was removed and combined with
0.1 ml cold 20% trichloroacetic acid (TCA).

This mixture was

vortexed for 5 seconds and incubated on ice for 10 minutes.
The sample was centrifuged for 10 minutes at 745 x g, and the
pellet resuspended in 1.0 ml cold Lowry A (0.1 M NaOH in 2%
Na 2C03 )

•

Each sample was diluted 1:100 and 1:200 with cold distilled H2 0.

A bovine serum albumin

ployed with protein concentrations
ug/ml.

(BSA)

standard was em-

ranging

from

O

to

120

One mililiter of cold Lowry C (100 ml Lowry A + 2 ml

each 1% CuS04 and 1% Na-K-tartarate)

was added,

texed, and allowed to stand for 10 minutes.

tubes vor-

Next, 0.2 ml of

cold Falin and Coicalteu's Phenol Reagent (Sigma Chemical, st.
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Louis, MO) was added and each solution vigorously vortexed.
After 30 minutes at room temperature, absorbances were measured at 720 nm.

Protein concentrations were determined after

linear regression of a BSA standard curve (67).
Calculation of Enzyme Activity
Enzyme activity was calculated using the following equation:

*

fu40-

x

(#nmols N0 2-) ** +

o. lml @

15 mins

=

protein concentration (mg)@@

nmols NO~
min-mg

*Average absorbance readings taken from the enzyme activity

assay
#nmols N0 2- = 1 optical density, according to standardized
coloring reagents
®volume of enzyme extract used in each assay
@@Protein concentration as determined by the Lowry assay
**

Values obtained from this calculation were used to determine

statistical

significance among groups

three-way analysis of variance (ANOVA)

by means

of

a

and Tukey's multiple

comparison test.
Gel Electrophoresis
To compare the presence or absence of proteins between
wild-type and nr 1 mutant soybean, samples containing 15 ug of
protein (as determined by Lowry et al. (55)) were prepared for
electrophoresis by equal volume dilution with 2x treatment
buffer (0.125 M tris-HCl, pH 6.8; 4% sodium dodecyl sulfate
(SOS); 20% glycerol; 10% 2-mercaptoethanol; and 0.01% bromophenol blue).

Proteins were then heat denatured by boiling
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for 2 minutes, cooled and then loaded into wells of the gel.
Discontinuous, gradient

sos

polyacrylamide gel electro-

phoresis (SOS-PAGE) was employed to separate proteins (56).
Two gel layers were used in this system, which varied in pH
and percentage of acrylamide: a resolving and a stacking gel
layer.

Two gels were cast per experiment:

one used for the

silver stain of proteins and the other used for a Western Blot
(57, 59).

Electrophoresis was performed for 2 gels simultan-

eously using a BIO-RAD (Richmond, CA) electrophoresis cell.
The bottom layer, resolving gel, was comprised of 0.375
M tris-base,

pH 8.8;

7.5% acrylamide/0.68% N,N'-methylene-

bisacrylamide; 0.1% SOS; 0.5% N,N,N',N'-tetramethylethylenediamine (TEMED)
After

(BIO-RAD); and 0.05% ammonium persulfate.

polymerization

(approximately

stacking gel layer was added.

1.5

hours),

the

This top layer consisted of

0.125 M tris-base, pH 6.8; 4% acrylamide/0.36% N,N'-methylenebisacrylamide; 0.1%
sulfate.

sos;

0.03% TEMED; and 0.05% ammonium per-

A ten-well comb was inserted with care taken to

avoid the formation of air bubbles.

This gel also polymerized

within an estimated 1.5 hours.
After removal of the comb, the electrophoresis unit was
assembled in a standard manner.

Top and bottom buffer cham-

bers were filled with tank buffer (0.025 M tris-base, pH 8.3;
0.192 M glycine; 0.1% SDS).

Proteins were electrophoresed at

60 mA for 4 hours.
Staining of Proteins in SDS-Polyacrylamide Gel
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Proteins were visualized by silver staining (57).

After

removal of the stacking gel, the resolving gel was then immersed in a solution containing 50% methanol + 10% acetic acid
for 30 minutes and agitated on a standard laboratory shaker
table.

The gel was then transferred to a solution containing

5% methanol + 7% acetic acid for 30 minutes.
was submerged in 10% glutaraldehyde.

Next, the gel

After 30 minutes, the

gel was removed and washed with distilled H2 0 every 10 minutes
for the first 0.5 hour.

The resolving gel was then immersed

in a large volume of distilled H2 0 and agitated overnight.

On

the following day, excess glutaraldehyde was removed with a
few

more

washes

with

fresh

distilled

H20

at

30

minute

intervals.
Subsequently, the gel was immersed in a 5 µg/ml dithiothreitol

(OTT)

solution for 30 minutes.

This solution was

discarded and 0.1% AgN03 (Eastman Organic Chemical, Rochester,
NY)

added.

After 30 minutes, this solution was discarded.

The gel was washed with a small amount of distilled H2 0 and
twice with a small amount of developer (100 µl of 37% formaldehyde in 100 ml 3% sodium carbonate) .

Excess developer was

poured over the gel and shaken until desired level of intensity was reached.

Staining was terminated by the addition of

5 ml of 2.3 M citric acid directly to the developer.
Immunochemical Determination of Nitrate Reductase Protein
To determine the presence of inducible nitrate reductase
protein and compare it to inducible nitrate reductase activity
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for

each metabolite treatment group for wild-type and nr 1

mutant soybean leaves,

a western blot was performed.

technique is explained in two parts:

This

protein transfer and the

actual "Western Blot" staining procedure.
Protein Transfer
The unstained gel was used in the transfer of proteins to
an Immobilon™ PVDF Transfer Membrane
MA) .

(Millipore,

Bedford,

Standard protocols were followed as suggested by Milli-

pore with regard to the preparation of the membrane for transfer (58).

The transfer buffer contained 0.025 M tris-base, pH

8.3; 0.192 M glycine in distilled-deionized H2 0.
All materials were rinsed with transfer buffer.

The gel

was equilibrated in transfer buffer for 20 minutes, as well as
2 sheets of blot paper

{GB002

from Schleicher and Schuell

{S&S, Keene, NH), 2 fiber pads, and the PVDF membrane.

These

materials were assembled in a standard cassette and inserted
into the Trans-Blot cell (BIO-RAD) .

Transfer occurred for 1

hour at 70 V at 10°c.
Western Blot
The membrane
either:

1)

containing the

transferred proteins was

rewet with 0.5% Tween-20 (BIO-RAD) in 20 mM tris,

pH 7.5; 500 mM NaCl {Tris-buffered saline or TBS)

for 30-60

minutes and then step 2; or immediately after the transfer, 2)
immersed in a blocking solution (3% gelatin (BIO-RAD) in TBS)
for 1 hour with agitation (59).
a wash solution containing:

The blot was transferred to

20 mM tris, pH 7.5; 500 mM NaCl;
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and

0.05%

Tween-20

(Tween-tris-buffered

saline

or

TTBS).

Three 5-minute washes with TTBS were performed prior to incubation with the primary antibody.
The primary antibody was a rabbit polyclonal antibody
specific for squash nitrate reductase, which was a gift from
Dr. W. H. Campbell, Michigan Tech University.

A dilution of

1:500 with 1% gelatin in TTBS with an overnight incubation was
found effective in visualizing bands with moderate backround.
Excess primary antibody and gelatin were removed from the
membrane with 3-4 washes with TTBS at 5 minute intervals.
Next, the blot was incubated for 1 hour with the secondary
antibody

(goat-anti-rabbit

antibody-alkaline

phosphatase)

(BIO-RAD) diluted 1:33,000.
Prior to color development, the blot was washed in the
same manner as after incubation with the primary antibody, but
with a final rinse of TBS to prevent any interference of the
detergent

with

substrates

color

formation.

Alkaline

phosphatase

(5-bromo-4-chloro-3-indolyl phosphate (BCIP)

nitroblue tetrazolium (NBT))

and

(BIO-RAD) were used in combina-

tion with a carbonate buffer (0.1 M NaHC03 ; 1 mM MgC1 2 , pH 9.8)
to develop the color.

The reaction was terminated by quickly

rinsing and placing the membrane
minutes.

in distilled H2 0

for

10

The blot was then dried on aluminum foil and stored

at room temperature.
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Part II:

Phosphorylation Study

To investigate the phosphorylated state of nitrate
reductase in wild-type soybean,

each of the three nitrate

reductase isoforms was isolated and activity determined by
assays described in the following sections.

For this reason,

the phosphorylation study emphasized the analysis of

iNR.

Slot blots were performed to correlate apparent phosphorylated
inducible nitrate reductase protein with the transcribed RNA
for the inducible nitrate reductase isoform.
Growth Conditions
Soybean seeds (Glycine max Williams variety) were planted and
watered as previously described and treated 10 days after
planting with modified Hoagland's solution (54) containing 50
mM KN0 3 as the only nitrogen source. Leaves were harvested at

time intervals over a 24 hour period beginning 24 hours after
treatment with Hoagland's solution.
Eight timepoints were chosen during this period in which
the lights were turned on at 6:00 am and off at 10:00
pm:
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Table 1.--Timepoints of Sample Leaf Harvests for the
Phosphorylation Study.
"Time" refers to the time of sample
leaf harvest, which is expressed in 24 hours.
"Hours After
Treatment" reflects the numbers of hours after the addition of
Hoagland's solution with nitrate to the soybean plants.
"Light/Dark" refers to that part of the time course which is
illuminated (light) or not illuminated (dark).

Group

Time

Hours After
Treatment

Light/Dark
L/D

A

1030

0

L

B

1530

5

L

c

2130

11

L

D

2330

13

D

E

1230

14

D

F

0330

17

D

G

0730

21

L

H

1030

24

L
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Leaves were immediately frozen in liquid nitrogen and stored
at

-ao c.
0

Nitrate Reductase Extraction
One gram of soybean leaves was added to 2 ml cold phosphate-free extraction buffer (50
EOTA; 5

mM

mM

MOPS-NaOH, pH 6.5; 1

OTT; and 0.1% Triton X-100).

mM

Homogenates were

produced using the Tekmar Tissumizer as previously described.

The slurry was pipetted into chilled microfuge

tubes and centrifuged for 20 minutes at 15,588 x g at 4°C.
To desalt the extract, a Sephadex G-25 column was prepared as described by Huber et al.

(49), which contained a

final 5 ml bed volume after centrifugation for 4 minutes at
1478 x g at 4°C.
buffer (50

mM

The column was equilibrated with a wash

MOPS-NaOH, pH 6.5; 1

mM

EOTA; and 2.5

mM

dithiothreitol (OTT)) and centrifuged as described.

The

supernatants from the microfuge tubes were applied to the
Sephadex G-25 column (2 ml extract/5 ml bed volume), which
were centrifuged as in the previous step.

The eluent was

diluted 1:1 with the wash buffer and immediately used for
the nitrate reductase assays.
Nitrate Reductase Assays
To indirectly assess the phosphorylated state of
nitrate reductase, isoform specific nitrate reductase assays
were performed in the presence of either 5

mM

MgC1 2 or 1

mM

EOTA in a reaction mixture appropriate for each isoform (see
previous section) except with the following modification:
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50 mM MOPS-NaOH, pH 6.5 or pH 7.5 (instead of the phosphate
buffer).
sample.
test.

All assays were performed in triplicate for each
Statistical analysis was performed using the t-

Protein was determined as previously described using

the Lowry procedure (55).
Assay for Endogenous Phosphatase(s)
To study the effect of endogenous phosphatases on
nitrate reductase an extract was prepared as described above
with the addition of the general phosphatase inhibitor sodium fluoride (NaF) at a concentration of 50 mM (60,61,62,63)
(EM Science, Cherry Hill, NJ).

NaF was included only in the

grinding buffer, but the extract was subsequently desalted
as described previously.
The desalted extract remained on ice for the duration
of the experiment. Aliquots of 0.05 ml were removed from
this "stock" extract and nitrate reductase assayed at various intervals for a period of two hours.
Exogenous Phosphatase Assay
To study the effect of an exogenous phosphatase on
nitrate reductase, an enzyme extract was prepared with 5 g
of leaves (Group F) per 10 ml of grinding buffer which consisted of the following:

50 mM MOPS-NaOH, pH 6.5; 1 mM

EDTA; 50 mM NaF; 1% Triton-X; and 5 mM DTT.
homogenized using the Tekmar tissumizer.

The leaves were

The slurry was

centrifuged for 30 minutes at 15,588 x g at 4°C.
The supernatant was divided and 2 ml of the enzyme ex-
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tract applied to a column which had a final 5 ml bed volume
after centrifugation for 4 minutes at 1478 x g at 4°C and
had been equilibrated with a wash buffer (50 mM MOPS-NaOH,
pH 6.5; 1 mM EDTA; and 2.5 mM dithiothreitol (DTT)) and
centrifuged as described.

As mentioned, the supernatant was

split such that 2 ml of the enzyme extract was applied to
one of two columns which differed by the presence or absence
of 50 mM NaF in the equilibration buffer.

After the extract

was applied, the columns were centrifuged at 1478 x g at 4°C
for 4 minutes to desalt the enzyme.
Each desalted eluent was aliquoted into one of four
chilled 1.5 ml microfuge tubes containing: 1) alkaline
phosphatase-agarose beads (AP-agarose)

(Sigma Chemical, St.

Louis, MO) equilibrated with the previously described wash
buffer containing 50 mM NaF

2)

AP-agarose equilibrated

with the previously described wash buffer without 50 mM NaF;
tubes 3 and 4 did not contain AP-agarose.
therefore, consisted of the following:

The four tubes,

1) +NaF NR eluent/

+NaF AP-agarose; 2) -NaF NR eluent/-NaF AP-agarose; 3)+NaF
NR eluent; 4) -NaF eluent.

The AP-agarose was prepared as

described below.
All tubes were incubated for 1 hour at 10-13°C.

The

tubes containing AP-agarose were slowly rotated during the
incubation to insure contact of the potential phosphorylated
sites with alkaline phosphatase.

The 2 tubes without AP-

agarose were not rotated during the incubation, which served
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as controls for nitrate reductase activity unaffected by
physical impact with the agarose beads.
Preparation of Alkaline Phosphatase-Agarose
The alkaline phosphatase-agarose (AP-agarose) containing 25 units of AP activity (1 unit= 1.0 µmole of p-nitrophenyl phosphate per minute at 37°C) , was transferred to a
1.5 ml microfuge tube and pelleted by a 30 second centrifugation in a micro hematocrit centrifuge (International
Equipment Co.). The supernatant was discarded and 1 ml wash
buffer was added to the beads.

One tube was equilbrated

with a wash buffer containing:

50 mM MOPS-NaOH, pH 6.5; 1

mM EDTA; and 2.5 mM DTT.

The beads were collected by cen-

trifugation and washed four times with the above buffers.

A

second preparation of AP-agarose included 50 mM NaF in the
wash buffer.
RNA Isolation
To study the transcriptional pattern of nitrate reductase RNA over a 24-hour period RNA was isolated from Group A
to F.

The method used for RNA extraction is a modification

of the procedure for a small scale isolation of RNA from
Wadsworth et al.

(64).

All glassware was baked at 250°C for at least 4 hours;
all solutions were prepared with diethyl pyrocarbonate
treated (DEPC) water; and the microfuge tubes were washed
with ethanol, rinsed with boiling water and autoclaved.
Plant leaves (0.3 mg) were ground to a fine powder in liquid
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nitrogen in a 30 ml CorexR tube.

The powder was tranferred

to a 1.5 ml microfuge tube and 0.53 ml extraction buffer (25

mM sodium citrate, pH 7.0; 4 M guanidinium isothiocyanate
(Fluka BioChemika); 1.5% (w/v) sodium lauryl sarcosine; and
100 mM 2-mercaptoethanol) was added.

The tube was vortexed

for 15 seconds, then 0.25 ml phenol (Gibco BRL (Gaithersburg, MD)) and 0.25 ml chloroform were added.

After mixing,

the sample was centrifuged at 15,588 x g for 5 minutes at
4°C.

The aqueous phase (0.5 ml) was transferred to a new

microfuge tube.

The RNA was extracted twice with phenol/

chloroform.
After the final extraction, 0.4 ml aqueous phase was
transferred to a new tube and 0.4 ml of 6 M LiCl was added.
After the incubation on ice for one hour, the sample was
centrifuged for 10 minutes at 15,588 x g at 4°C, and the
pellet was resuspended in 3 M LiCl by vortexing.

Remaining

sediment, which was not dissolved by vortexing, was resuspended by careful micro-pipeting.

After centrifugation, the

pellet was washed twice and then resuspended in 0.4 ml of 2%
K-acetate, subsequently heated to 55°C water bath to completely dissolve the RNA.

The sample was centrifuged for 5

minutes in a microcentrifuge to remove insoluble debris.
The supernatant was transferred to a new microfuge tube and
1.0 ml ethanol added.

The sample was incubated at -80°C for

15 minutes, and the RNA was collected by centrifugation.
After drying, the RNA was dissolved in 0.05 ml H2 0 contain-
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ing 50 µM aurintricarboxylic acid (ATA).
RNA samples were analyzed spectrophotometrically.
Absorbance readings were performed at 260 nm and 280 nm.
The ratio of the value at 260 nm to the value at 280 nm was
used to estimate the purity of the sample.

Samples were

aliquoted and stored at -80°C.
RNA Slot Blot
To immobilize the isolated RNA for subsequent hybridization with a nitrate reductase cDNA clone, RNA slot blots
were performed.

Ten µg of sample was standardized in a

volume of 60 µl with TE buffer (10 mM Tris-buffer, pH 7.5;
2.5 mM EDTA; 50 µMATA).

RNA was denatured with 35 µl of

20x SSC (3 M NaCl; 0.3 M sodium citrate; pH 7.0) and 25 µl
of 37% formaldehyde were added and the mixture was incubated
for 15 minutes at 60 °c.
NytranR (Schleicher & Schuell) was cut to fit the
Minifold II slot blot system (S&S).

The immobilization

media was immersed in DEPC water and rinsed in lOx SSC.

Two

sheets of BG002 blotting paper (S&S) were saturated with lOx
SSC.

The Minifold II was assembled as prescribed by S&S.

low vacuum was applied and the wells were washed with lOx
SSC.
The entire volume of each denatured sample was applied
to a well in the slot blot apparatus.

Application of a low

vacuum removed excess liquid and adhered the RNA to the NytranR.

Wells were washed with 0.5 ml of lOx ssc.

Again, a

A
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low vacuum was used to remove the liquid.

The apparatus was

disassembled and the NytranR blot was removed.

The blot was

baked in a vacuum oven until dry, then stored at -20°C.
Prehybridization of RNA Slot Blot
To block unbound sites on the Nytran

R

membrane, the

slot blot was prehybridized in 25 ml of the following
mixture:

7.5 ml formamide; 6.25 ml of 20x SSPE (3 M NaCl,

0.2 M NaH 2 P04 , 0.02 M EDTA, pH 7.4); 2.5 ml of lOOx Denhardt's reagent (65); 0.25 ml of 10%

sos;

testes DNA (5 mg/ml); and 8 ml DEPC water.

0.5 ml herring
The herring

sperm DNA was denatured by boiling for 5 minutes and vortexed prior to its addition to the prehybridization buffer.
The slot blot was incubated with the prehybridization buffer
in a sealed bag for 24 hours in a 42°C waterbath.
Random Prime DNA Labelling
The Amersham Multiprime DNA Labelling Kit (Amersham
International plc) was used for the labelling of the Arabid-

opsis nitrate reductase cDNA (pAtc46) which is a full-length
(3.2 Kb) clone of the inducible isoform.
The labelling solution consisted of the following:
µl Klenow, 2 µl

0

1

P-CTP, 3 µl primer, 3 µl 5x buffer, 1 µl

pAtcA6 (which was boiled for 3 minutes) and 5 µl distilled/
deionized H20.

The reaction proceeded for 4 hours and was

terminated by boiling for 2 minutes.
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Slot Blot Hybridization
The radiolabelled probe was quickly centrifuged and the
total volume was added to the prehybridization buffer and
blot.

Hybridization occurred over a 24 hour period.

Autoradiography
The blot was removed from the hybridization buffer and
washed for 5 minutes at room temperature with the following
solution:

2x SSC, 0.1% SOS.

Three subsequent washes with

the same buffer were performed at 20 minute intervals in a
42°C water bath.

The blot was quickly rinsed with 2x SSC,

washed for 5 minutes at 42°C with 2x SSC, wrapped in plastic
wrap and assembled for autoradiography.

Incubation occurred

at -80°C with an intensifying screen for 2 to 4 days.

The

film (Kodak X-OMAT Diagnostic Film) was developed and
densitometer readings were recorded at 600 nm to quantify
the degree of hybridization with the Arabidopsis nitrate
reductase cDNA (pAtc46) clone to nitrate reductase mRNA
samples.

CHAPTER 3
RESULTS

Part I:

Mutant Study

A study of mutant soybean was conducted to determine
whether soybean plants without constitutive nitrate reductase isoforms (nri) would demonstrate an altered metabolite
regulation of the inducible nitrate reductase isoform.

Fig-

ure 1 depicts the c 1NR (NAD(P)H) activity for both wild-type
and nr 1 soybean treated for 48 hours with one of the following nitrogen sources:

nitrate (N); nitrate and glutamine

(NG) ; glutamine (G) ; or no exogenous nitrogen (¢) .

The c 1NR

activity in the nr 1 is unaffected by metabolite treatment
and its significantly reduced activity can be attributed to
its genotype (p<0.001).
The activity of the c 2 NR isoform (NADH, pH 6.5) in
wild-type and nr 1 soybean is depicted in figure 2.

The

activity of this isoform demonstrated a response to treatments similar to the c 1NR isoform.

The nr 1 c 2 NR isoform

appears unaffected by metabolite treatment.

Although ni-

trate treatment slightly enhances c 2NR activity in the nr 1
soybean, this level of activity is significantly lower than
the activity in wild-type soybean for the same isoform
35
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Figure 1.--Metabolite control of the nitrate reductase
constitutive NAD(P)H isoform. Ten day old soybean plants
were treated with one of the following nitrogen sources:
nitrate (N); nitrate-glutamine {NG); glutamine (G) or no
nitrogen{¢). After 48 hours, leaves were harvested,
processed and assayed (n=3) as described in "Materials and
Methods" for each isoform. Wild type soybean (solid) and
nrl mutant soybean (open) nitrate reductase activities were
expressed in nmols nitrite produced/min/mg of protein.
Error bars represent the standard error of the mean.
Letters indicate statistically different groups.
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Figure 2.--Metabolite control of the nitrate reductase
constitutive NADH isoform. Ten day old soybean plants were
treated with one of the following nitrogen sources: nitrate
(N); nitrate-glutamine (NG); glutamine (G) or no nitrogen
(¢). After 48 hours, leaves were harvested, processed and
assayed (n=3) as described in "Materials and Methods" for
each isoform. Wild type soybean (filled) and nr 1 mutant
soybean (open) nitrate reductase activities were expressed
in nmols nitrite produced/min/mg of protein. Error bars
represent the standard error of the mean. Letters indicate
statistically different groups.
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(p<0.05) and can be attributed to iNR activity at pH 6.5.
The differences in activities for the c 2 NR isoform do not
appear to be regulated by metabolites for the nr 1 mutant,
rather, the genotype determines nitrate reductase activity
(p<O. 01) .

The activities of the inducible nitrate reductase isoform for both the wild-type and nr 1 soybean plants in response to the four nitrogen treatments are represented in
figure 3.

This figure demonstrates the induction by nitrate

and repression by glutamine of the inducible nitrate reductase isoform in nr 1 , when compared with the same isoform in
wild-type soybean.

Treatment determines nitrate reductase

activity (p<0.001).
ity.

Nitrate induces the highest iNR activ-

Glutamine treatment results in iNR activity comparable

to no nitrogen for both wild-type and nr 1 mutant soybean.
To determine the effects of nitrate and glutamine on
the synthesis/degradation of proteins, SDS-polyacrylamide
gel electrophoresis was performed (figure 4).

Lanes 1-4

contained wild-type samples and lanes 6-9 contained nr 1
samples with the following treatments:

nitrate (lanes 1,6);

nitrate-glutamine (lanes 2,7); glutamine (lanes 3,8); and no
nitrogen (lanes 4,9).

Molecular weight standards were in

lane 5 (sizes labelled in figure 4).

Overall, major protein

banding appeared to be similar for each genotype and
treatment.

No major proteins appeared to be synthesized/

degraded for either treatment or genotype.

Due to the low
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Figure 3.--Metabolite control of the nitrate reductase
inducible NADH isof orm. Ten day old soybean plants were
treated with one of the following nitrogen sources: nitrate
(N); nitrate-glutamine (NG); glutamine (G) or no nitrogen
(~).
After 48 hours, leaves were harvested, processed and
assayed {n=3) as described in "Materials and Methods" for
each isoform. Wild type soybean (solid) and nrl mutant
soybean (open) nitrate reductase activities were expressed
in nmols nitrite produced/min/mg of protein. Error bars
represent the standard error of the mean. Letters indicate
statistically different groups.
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Figure 4.--SDS-PAGE of proteins from soybean leaves for the
wild type (lanes 1-4} and nr 1 mutant (lanes 6-9).
Fortyeight hours after nitrogen treatment, leaves were harvested
and the proteins extracted, as described in "Materials and
Methods" (p 18}. Fifteen micrograms of each sample were
separated by SOS-PAGE and silver stained as described in
"Materials and Methods''·
Samples contained in each lane are
depicted below:
Lane

1

2

3

4

Genotype

W

w

w

w

Nitrogen
Source

N

N/G

G

5

6

7

8

9

M

M

M

M

N

N/G

G
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abundance of nitrate reductase in plant material, this
enzyme could not be identified in the silver stained SDSPAGE gels.
The observations shown in figure 3 are further
emphasized at the protein level by Western blot analysis
(Table 2).

Nitrate treatment results in a protein which is

recognized by an antibody for the inducible nitrate
reductase isoform.

Similar findings, but to a lesser

degree, are found after nitrate-glutamine treatment.

No iNR

protein was detected for either glutamine or zero nitrogen
treatment.

These data correlate to other findings in our

lab in terms of steady-state mRNA levels for the inducible
nitrate reductase isoform.
Part II:

Phosphorylation study

The purpose of this study was to investigate the possible role of phosphorylation in the regulation of the nitrate reductase isoforms in wild-type soybean.

Figure 5

depicts the ratio of nitrate reductase activities (-Mg 2 +/
2

+Mg +) for each nitrate reductase isoform verses time
(hours) beginning 24 hours after nitrate treatment.

The

inducible isoform (closed star) has a higher ratio compared
to either of the two constitutive isoforms.

The c 1NR (open

circle) and c 2 NR (closed circle) have similar ratios.
Due to the time required for nitrate reductase extraction and assay, the activities in figure 5 may be underestimates of the potential differences in enzyme activity
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Table 2.--Effect of metabolites on protein levels for the
inducible nitrate reductase isoform in wild type and nr 1
mutant soybean. Western blot analysis was performed as
described in "Materials and Methods". Presence of inducible
nitrate reductase protein is indicated by the following
scale: high signal {++),medium signal {+),no detectable
signal (-).

TREATMENT
NITRATE
NITRATE/GLUTAMINE
GLUT AMINE
NO NITROGEN

WILD TYPE

nr 1 MUTANT

++

++

+

+
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Figure 5.--Inhibition assays of wild type soybean leaves for
c 1NR (open circle}, c 2 NR (closed circle} and iNR (closed
star} (n=3}. Ten day old plants were treated with nitrate.
Leaves were harvested beginning 24 hours after nitrate
treatment and continued over the following 24 hours. Eight
timepoints were selected beginning at 10:30 am (zero time}
and occurred at the indicated number of hours following this
first harvest (i.e. 3:30 pm = 5; 9:30 pm = 11; 11:30 pm =
13, 12:30 am= 14; 3:30 am= 17; 7:30 am= 21; and 10:30 am
= 24). The beginning of the dark (D} and light (L} periods
are indicated by arrows. Ratios of activities were
determined for each isoform by dividing activity (nmols
nitrite/min/mg of protein} without magnesium by activity
(nmols nitrite/min/mg of protein} with magnesium.
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when assayed with and without magnesium.

Endogenous phos-

phatases should be inhibited in order to preserve the integrity of the phosphorylated state of nitrate reductase.
Therefore, a general phosphatase inhibitor, sodium fluoride
(NaF), was included during the extraction, desalting and
assay.

Figure 6 represents activities after the addition of

NaF to the extraction, desalting and assay buffer for each
2

nitrate reductase isoform assayed with and without Mg + for
a light harvested sample (3:30 pm).

All three isoforms

exhibited higher activities without Mg
W1'th

2
Mg + •

2+

compared to assays

The constitutive isoforms (c 1NR and c 2NR) do not
2

appear less inhibited by Mg + than the inducible isoform.
The ratios of activities for the constitutive isoforms are
approximately 8.0 and 5.8 for c 1NR and c 2NR, respectively.
The ratio of activities for the inducible isoform is 6.0.
Although n=l for this experiment, the data represent one of
two independent confirmations of the same event.

The second

independent confirmation is seen with nitrate reductase from
leaves harvested at 12:30 am.
Similar observations for nitrate reductase activity
obtained from a sample harvested during the dark cycle
(12:30 am), which was extracted with buffer containing NaF

treatment are represented in figure 7.

The constitutive

isoforms (c 1NR and c 2 NR ) do not appear to be less inhibited
2

by Mg + addition than the inducible isoform (iNR).

The
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Figure 6.--Sodium fluoride addition to a 3:30 pm (light}
soybean leaf sample. Ten day old plants treated with
nitrate at 10:30 am were harvested after 5 hours.
Sodium
fluoride was included in the extraction, desalting, and
assaying steps (n=l} as described in "Materials and
Methods". Activity is expressed in nmols nitrite
produced/min/mg of protein for c 1NR (open}, c 2 NR (hatched}
and iNR (cross-hatched} isoforms. Nitrate reductases were
assayed with(+} and without(-} magnesium (Mg}.
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Figure 7.--Sodium fluoride addition to a 12:30 am (dark)
soybean leaf sample. Ten day old plants treated with
nitrate at 10:30 am were harvested after 14 hours.
Sodium
fluoride was included in the extraction, desalting, and
assaying (n=l) steps as described in "Materials and
Methods". Activity is expressed in nmols nitrite
produced/min/mg of protein for c 1NR (open), c 2 NR (hatched)
and iNR (cross-hatched) isoforms. Nitrate reductases were
assayed with (+) and without (-) magnesium (Mg).
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ratios of activities increased to 15.9 and 11.7 for c 1NR and
c 2 NR, respectively.

The inducible isoform had a 4.2-fold

difference in activities, which is lower than the Group B
sample, which was extracted from leaves grown in the light
3:30 pm.

This data is the second of two independent confir-

mations of the same event observed with NaF addition in
which n=l.
The effect of NaF on each nitrate reductase isoform can
be more clearly observed in figures 8 and 9, for the Group B
(3:30 pm) and Group E (12:30 am) samples, respectively.

All

three isoforms have a higher ratio of activities in the presence of NaF than without this phosphatase inhibitor.

In

the light (figure 8), the ratio of activities increased 8.9
times the ratio of activities without NaF for the c 1NR isoform.

The c 2 NR isoform has a ratio of activities 5.7 times

higher than the control without the inhibitor.

Similarly,

the inducible isoform has an increased ratio of activities
in the presence of NaF, which is 3.8 times the control.

In

figure 9, the ratios of activities for c 1NR and c 2 NR are
16.2 and 13.3 times the controls, respectively.

The induc-

ible isoform, however, has a 2.7-fold higher ratio compared
to the control.

This iNR activity is 1.4 times that in the

dark (figure 8).

These high ratios of activities are sug-

gestive of phosphorylated states for all three nitrate
reductase isoforms.
Additional experimentation was performed to determine
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Figure 8.--Nitrate reductase activity determined with and
without NaF in the 3:30 pm (light) sample. Ten day old wild
type soybean plants treated with nitrate at 10:30 am were
harvested after 5 hours.
Sodium fluoride was included in
the extraction, desalting, and assaying {n=l) steps as
described in "Materials and Methods". Ratios of activities
were determined for each isoform by dividing activity (nmols
nitrite/min/mg of protein) without magnesium by activity
(nmols nitrite/min/mg of protein) with magnesium. The
ratios of activities are depicted for the c 1NR (open), c 2 NR
(hatched) and iNR (cross-hatched) isoforms.
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Figure 9.--Nitrate reductase activity determined with and
without NaF in the 12:30 am (dark) sample. Ten day old wild
type soybean plants treated with nitrate at 10:30 am were
harvested after 14 hours.
Sodium fluoride was included in
the extraction, desalting, and assaying steps (n=l) as
described in "Materials and Methods". Ratios of activities
were determined for each isoform by dividing activity (nmols
nitrite/min/mg of protein) without magnesium by activity
(nmols nitrite/min/mg of protein) with magnesium. The
ratios of activities are depicted for the c 1NR (open), c 2NR
(hatched) and iNR (cross-hatched) isoforms.
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the effect of endogenous phosphatases on the potential
phosphorylated state of soybean nitrate reductase.
from these assays (not shown) were inconclusive.

The data
The

nitrate reductase activities for each isoform, which were
assayed in the presence and absence of Mg
equal levels over time.

2+

, did not reach

In the presence of Mg

2+

, the

dephosphorylated nitrate reductase should have activity
levels equivalent to nitrate reductase assayed without Mg2 +.
Although the ratios of activities for c 2 NR and iNR were
greater than one for the initial assays at time "zero",
there was a loss of enzyme activity after 30 minutes (assay
without Mg 2 +) or the ratio of activities did not decrease to
one, for iNR and c 2 NR, respectively.

The c 1NR isoform,
2

however, exhibited higher activity with Mg + than without
Mg

2+

•

These data, however, do not eliminate a potential

phosphorylated state(s) of nitrate reductase in soybean.
Endogenous phosphatases may act immediately on a phosphorylated nitrate reductase isoform, which would result in a
lower initial ratio of activities.

It is possible that the

ratio of activities may be maximum and NaF may not be
retained by the desalting column and be present during the
incubation time, thus inhibiting dephosphorylation of
nitrate reductase.

Also, the experimental procedure is

probably too lengthy in terms of time and should be
decreased to optimize the conditions for enzyme activity.
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The results of the addition of a general phosphatase to
an enzyme extract are represented in figure 10.

The differ-

ences in activities assayed with and without magnesium are
not evident from this set of experiments.

This figure

depicts the nitrate reductase activities for each assay
after the one hour incubation.

It appears the nitrate

reductase enzyme was not stablized enough to tolerate the
conditions of the experiment, which is consistant with the
untreated controls (-P).

Overall, the results from this set

of experiments are inconclusive in terms of determining a
phosphorylated state of nitrate reductase.

Although it was

not possible to show dephosphorylation by means of providing
exogenous phosphatases, these results do not prove a lack of
a phosphorylated state for nitrate reductase.

An overall

lack enzymatic activity is indicative of a need to stabilize
the enzyme prior to further investigations, which may be
accomplished by a shortened incubation time, addition of
protease inhibitors or a lowered temperature during
incubation (which should be balanced with the optimal
temperature for alkaline phosphatase activity).
Levels of transcript for the inducible nitrate
reductase isof orm were analyzed by slot blot technique using
RNA samples from wild-type soybean over a 24-hour period,
which were treated with nitrate on the tenth day after
planting and harvested over a 24-hour period beginning 24
hours after irrigation.

In figure 11, each sample is
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Figure 10.--Exogenous phosphatase assay of wild type soybean
leaves for a sample harvested at 3:30 am. Leaves were
processed and assayed as described in "Materials and
Methods". Assays were performed for each nitrate reductase
isoform in the following treatment groups: +alkaline
phosphatase agarose (P), +sodium fluoride (NaF); +P, -NaF;
-P, -NaF; or -P, +NaF.~ The
activities are
. nitrate reductase
.
expressed as nmols NO /min/mg of protein for the c 1NR
(open), c 2 NR (hatched) and iNR (cross-hatched) isoforms.
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Figure 11.--Quantitation of nitrate reductase specific RNA
from wild type soybean plants treated with nitrate on the
tenth day after planting and harvested over a 24-hour period
beginning 24 hours after irrigation. RNA was extracted
(n=l) as described in "Materials and Methids'' and 10 µg of
each sample was immobilized to the Nytran blot. A full
length (3.2 kb) cDNA Arabidopsis nitrate reductase clone was
hybridized to the immobilized RNA samples. Time is
represented by hours after the initial 10:30 am harvest and
spans the following 24 hour period.
Zero time is the first
10:30 am harvest. The dark period (D) and light period (L)
are indicated in Table 1 (p 26}.
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indicated by a number which is fully explained in table 1
(page 26).

The light period began at 6:00 am and ended at

10:00 pm, which includes the samples designated
and 24.

o,

5, 11, 21

Figure 11 depicts the levels of hybridization for

the inducible nitrate reductase isoform for leaf samples
harvested over a 24-hour period.

RNA for the iNR isoform

was hybridized to the full-length Arabidopsis nitrate
reductase cDNA.

This technique was performed once,

therefore, one cannot determine a pattern for the iNR
transcript over the 24-hour period.

This data, however,

does reveal the presence of the iNR transcript at each
sample time.

The continuous presence of the transcript

suggests a requirement for additional control for the iNR
isoform.

Phosphorylation may be an efficient post-

translational control for iNR activity.
Future work may include repeated slot blot analysis
which may show fluctuations in transcript levels similar to
the steady state levels of RNA for iNR in this study.

If

these fluctuations also do not appear to follow a light/dark
cycle, then those data would probably indicate circadian
clock oscillations of the iNR transcript.

Also, a

constitutive probe would be a good control to determine
equal quantities of RNA applied to the slot blot to better
determine differences between transcript levels due to
regulation verses sample loading.

CHAPTER 4
DISCUSSION

Part I:

Mutant study

The purpose of this study was to observe any changes in
the regulation of the inducible nitrate reductase isoform in
the nr 1 mutant, which lacks the two constitutive nitrate
reductase isoforms found in wild-type soybean.

The basis

for this study was a proposed model for nitrate reductase
regulation, a mutation of one isoform resulted in a modified
expression of nitrate reductase (30).

This altered

expression was observed to result in constitutive nitrate
reductase activity.

By comparing mutant nitrate reductase

activity for each isoform to the activity of each nitrate
reductase isoform in wild type soybean leaves in this study,
the nr 1 iNR does not exhibit altered expression in mutants
lacking both constitutive isoforms.
The results from this study indicate "typical" iNR gene
expression and enzyme activity for each treatment compared
with the data for wild-type iNR.

Nitrate induces iNR

activity for both wild-type and nr 1 mutant soybean.
Glutamine treatment, however, is similar to no nitrogen
treatment for both wild-type and nr 1 soybean.
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The nr 1 iNR

67

appears to function similarly to the wild-type iNR.

These

results for the nr 1 mutant are in contrast to studies of
mutations in other plants and fungi, such as barley,

Neurospora crassa, and Aspergillus nidulans (31, 71, 72).

A barley

mutant exhibited enzyme activity by an isoform not found in
wild-type barley (71).

This mutant was deficient in the

nitrate reductase enzyme which utilizes NADH as a cofactor
in nitrate reduction.

The enzyme activity was from an

isoform utilizing NADPH as a cofactor.

The nr 1 mutant also

differs from most ni t-3 mutants in Neurospora crassa and niaD
mutants in Aspergillus nidulans, since the mutation did not
result in the appearance of constitutive nitrate reductase
isoform(s)

(31,72).

In N. crassa, nit-3 is the structural

gene for nitrate reductase.

As discussed previously, a

possible explanation for the change from inducible to
constitutive activity may be a mutation of a structural gene
for nitrate reductase, which results in a protein no longer
able to bind to a postitive regulator protein (30).
Possible reasons for the differences are 1) the model is not
applicable to the regulation of iNR in soybean or 2) the
model is pertinent, but the iNR gene did not undergo a
mutation which would affect iNR from binding to a positive
regulator.

If the second reason is true, then it may also

explain the existence of a small group of nit-3 mutants and

niaD mutants which maintain inducible nitrate reductase
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activity similar to wild-type N. crassa and A. nidulans
(31,72).

Pateman et al.

(72) proposed the following to

explain the minority niaD mutant population:

1) a low

percentage of nitrate reductase activity remained to reduce
low levels of nitrate or 2) the nitrate reductase regulatory
domain was not affected by the mutation.

In terms of this

study, one cannot determine the specific mode of regulation
of wild-type soybean by comparison with the nr 1 mutant.
These data, however, can be added to our working knowledge
of nitrate reductase, but more data is necessary to
elucidate the regulatory mechanism(s).
Part II:

Phosphorylation study

Phosphorylation of nitrate reductase in soybean,
Glycine max, is suggested by the data obtained in this
investigation.

At this point, it is unclear whether

phosphorylation is subject to light control or circadian
rhythm.

Data for leaves harvested over a 24-hour period

suggest phosphorylated states for all three nitrate
reductase isoforms in both the light and dark.

Preliminary

evidence for leaves harvested at 3:30 pm and 12:30 am and
assayed with and without NaF also suggest phosphorylation of
nitrate reductase (Fig. 6-9).

Although it is possible

nitrate reductase is constantly phosphorylated, this state
may fluctuate in terms of the degree of phosphorylation

(i.e. number of phosphorylated sites).

In fact, changes in

the phosphorylated state may coordinate nitrate reductase
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activity with other cellular processes such as amino acid
biosynthesis and sucrose biosynthesis.
Nitrate has been implicated in the diversion of carbon
skeleton from sucrose biosynthesis to amino acid biosynthesis by the activation of protein kinases in the cytosol in
wheat leaves (73).

Two enzymes believed to be affected by

such a mechanism are sucrose phosphate synthase (SPS) and
phosphoenolpyruvate carboxylase (PEPcase), which are deactivated and activated, respectively, by phosphorylation (73).
Interestingly,

Schimkat et al.

(77) showed two phosphatase

enzymes involved in the Calvin cycle in spinach (sedoheptulose-1, 7-bisphosphatase and fructose-1,6-bisphosphatase)
were regulated by metabolites in the cycle.

Specifically,

sedoheptulose-1,7-bisphosphatase is inhibited by its own
product, sedoheptulose-7-phosphate.

This inhibition is very

selective since it does not inhibit fructose-1,6bisphosphatase, which is the enzyme that catalyzes the first
irreversible reaction for both starch synthesis and the
Calvin cycle.

Fructose-1,6-bisphosphatase, however, is

inhibited by its product, fructose-6-phosphate.

Perhaps

more interesting, is the sigmoidal inhibition induced by
fructose-6-phosphate.

These enyzmes are significant to this

study because they potentially reflect the regulation of
nitrate reductase.

It is possible that the substrate of the

nitrate reductase phosphatase(s) is inhibited by a feedback
mechanism which involves the dephosphorylated nitrate
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reductase.

In a sense, there would be a constant regulation

of both enzyme activities

which would include the feedback

repression of nitrate reductase by glutamine.
In spinach, nitrate reductase is similar to SPS in
terms of susceptibility to inhibition of the phosphorylated
state by Mg

2+

(49).

Although these two enzymes differ with

regard to the ion which covalently modifies the enzymes and
inhibits activity (nitrate reductase:Mg
phosphate synthase:Pi)
tandem regulation.

2

+

and sucrose

(49) the significance is the probable

If nitrate reductase and sucrose

phosphate synthase are considered control points for sucrose
biosynthesis and nitrate assimilation, respectively (49),
then it would seem reasonably efficient for a plant system
to similarly regulate both enzymes.

Although individually

the two enzymes function differently, the ultimate goal of
efficient metabolic regulation may be achieved by a similar
system of phosphorylation/dephosphorylation, as demonstrated
by Huber et al.

(49) for spinach.

Soybean may serve as a

valuable tool for further studies of phosphorylation/
dephosphorylation with regard to the three nitrate reductase
isoforms which is unique among higher plants.
Of the many potential regulators of nitrate reductase,
is the circadian clock.

Although there may be feedback from

products in the assimilatory pathway, it is also possible
that the fluctuations in iNR mRNA levels (figure 11) may
reflect control by a gene responsible for oscillations in
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mRNA accumulation.

Although conclusions cannot be made from

the data in figure 11 at this point, it is interesting to
consider that Pilgrim et al.

{78) demonstrated circadian

oscillations in !VIA2 mRNA and nitrate reductase activity
over a five day period for Arabidopsis thaliana.

These

experiments transferred light/dark grown seedlings to either
light/light or dark/ dark conditions and similar
oscillations were observed for both groups.

Etiolated

seedlings, however, did not express !VIA2 mRNA nor nitrate
reductase activity, which strongly suggests the need for
light to "turn on" the biological clock.

Although a "clock

gene" has not yet been identified for nitrate reductase, a

frequency (frq) gene has been found in !If. crassa which
negatively regulates the frq transcript involved in the
cyclical production of conidia.

This finding provides new

insight into the seemingly complex system of regulation.

CHAPTER 5
CONCLUSIONS
Nitrate reductase is an important enzyme in the
assimilation of nitrate in higher plants and fungi.

As part

of a complex system of metabolic events, nitrate reductase
is under the constraints of various factors which serve to
regulate its activity for the balance of all critical
factors.
In soybean, three nitrate reductase isoforms serve to
catalyze the reduction of nitrate to nitrite under different
conditions.

In order to understand the regulation of this

enzyme, this study incorporated mutant soybean plants and
altered metabolite treatments to compare the effects of
mutation on the inducible nitrate reductase isoform.

The

findings of this study are in contrast to the majority of
mutant soybeans previously characterized.
The second part of this study focused on the potential
phosphorylation of nitrate reductase in wild-type soybean.
The results indicate all three isoforms are phosphorylated,
but a correlation with time could not be determined.

The

interest of this project turned to focus on the inducible
nitrate reductase isoform and resulted in the determination
of the presence of the inducible nitrate reductase mRNA
72
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transcript over a 24-hour period.

These results suggest a

role for phosphorylation in the regulation of this enzyme.
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